The time-explicit finite-difference time-domain method is used to simulate wave interaction in optical waveguide crossings at large angles. The wave propagation at the intersecting structure is simulated by time stepping the discretized form of the Maxwell's time dependent curl equations. The power distribution characteristics of the intersections are obtained by extracting the guided-mode amplitudes from these simulated total field data. A physical picture of power flow in the intersection is also obtained from the total field solution; this provides insights into the switching behavior and the origin of the radiations.
Introduction
Intersecting waveguides have been proposed as Xswitches' and TE/TM mode splitters. 2 A number of methods based on the theory of modal or field interference are available in the analysis of these structures. 3 -7 These methods determine the output power distribution by evaluating the stepwise change of modal or field amplitudes between small sections of the structure. When the reflected or the radiation fields are small, and the coupling between these fields and the guided fields can be neglected, these methods generally provide good results. However, these methods become less applicable as the intersection angle increases and the adiabatic assumption becomes invalid. A rigorous method is the multiple scattering technique8 10 which utilizes a multiple interaction picture of coupling between the two waveguides and is formulated in terms of the Green's function for the individual waveguides. The method has been successfully used in the analysis of structures containing small intersection angles and small An.
The purpose of this paper is to study the behavior of the intersecting waveguide at a large angle, typically larger than 100. Recently, we have applied the finitedifference time-domain (FDTD) method to analyze optical guiding structures. 11 The FDTD method 12 -15 is a very general method that solves the Maxwell's time dependent curl equations numerically. The method simulates wave propagation by time stepping the incident field through the structure. Since it utilizes the total field in the simulation, structures containing large discontinuities can be analyzed. In this paper, the FDTD method is used to investigate how switching takes place at the intersecting waveguide structure at large angles. The simulation is performed for the 2-D step index An type intersection. The extension to full 3-D simulation is straightforward but requires more extensive computer resources.
Section II briefly describes the FDTD method and the process for determining the power distribution in the individual waveguides from the generated data. Section III presents the simulated switching characteristics of the intersection as a function of angle and width mismatch. Section IV summarizes the results of the paper.
Computation Method

A. Finite-Difference Time-Domain Method
The FDTD method is based on the fact that the time derivatives of the E or H fields are related to the space derivatives of the H or E fields by the Maxwell's time dependent curl equations, so that if the total field distribution over the region of interest is known at a given time, the value of a field component at a later time can be determined.
The time stepping scheme first discretizes the field component function of space and time as f(x,y,z;t) = f(iiLxjy,kAz;nAt) = (i,,), (1) where ij,k,n are integers Ax, Ay, and Az are space increments, and At is the time increment. The derivatives in the curl equations are then replaced by their centered difference expressions, so that the field components at t = n + 1 are expressed as functions of E and Hatt <n + 1.
For example, the normalized Ez equation from the set of time stepping equations is"
H:
where denotes a particular material property describing the structure at a given point with conductivity v(l) and relative permittivity Er(l), Z 0 is the free space impedance, and c is the velocity of light in a free space.
The simulation starts at t = 0 with the region of interest containing zero field. For cw excitation, the source distribution with a sinusoidal time variation is fed into the structure at the incident plane. The wave propagation is simulated by repeatedly applying the time stepping equation (2) and the associated equations for EXEyHXHy, and Hz. The simulation is completed when the steady state is observed at the output of the structure. The solution gives the total field distribution over the region at the discretized space location and time instant.
Readers are referred to Refs. 11 and 12 and other references in Ref. 12 for the implementation details of FDTD. Some of the important issues for the implementation are error and stability analysis, source generation, and truncation boundary conditions. The FDTD simulator has been validated extensively in solving optical waveguide problems, in particular it has been validated against the exact solution for the case of parallel slab couplers 1 1 and against the rigorous solutions for the case of an abrupt step junction. ' 6 B. Single An Type Waveguide Intersection Figure 1 shows the geometry of the two intersecting waveguides. The guides are single mode step index waveguides, except in the width mismatch case, where guide 2 may support two modes. In this configuration, guides 1 and 2 are referred to as the bar and cross channels of the intersecting structure, so that at the bar or cross state, a major part of the output is distributed in the bar or cross channel. At the incident plane Z = Zinc, the fundamental TEo or TMo mode of the slab waveguide is introduced into the structure through 
waveguide 1. The separation between the two guides at Zinc is so chosen that <0.1% of the incident power is launched into the end of guide 2 to ensure that only side coupling occurs between the waveguides. The propagation of the incident field and the wave interaction at the intersection is simulated by the FDTD method. Simulation is completed when the steady state is observed at the output of the waveguides. At the steady state, the field observed at a point in the output channels will have the same time variation as the source. As stated before, the result from the simulation is in the total field form. The field distribution at the output of the waveguides is a combination of the guided and the radiation modes of the individual waveguides and the scattered field generated by the intersection. If we allow the minimum separation of the waveguide centers d to extend to infinity, where only the guided mode will remain in the waveguides, one can determine the power in the individual waveguide directly from the field amplitude. However, in practice it is necessary to truncate the infinite structure, and the output field from the truncated geometry will contain the radiation and scattered fields in addition to the guided modes.
To evaluate the guided power in the individual guides, we employ a mode extraction techniques that uses the least-squares approach to extract the guided mode amplitude from the total field distribution. The FDTD generated total field distribution along a plane perpendicular to the z-axis is compared with the guided mode distribution; the amplitudes of the guided modes are adjusted until the square difference of the two distributions is minimized. Figure 2 because the coupling between these guided modes is still taking place in this region. As d increases, the overlap of the guided modes in the two guides becomes small, and one can treat the geometry as two isolated waveguides. Furthermore, the superposition of the fundamental modes of the individual guides cannot represent the normal mode distribution of the fivelayer structure, so that the extracted modal amplitudes depend on the amount of field overlap between the fundamental modes and the local normal modes. The optical length of the intersection, within which coupling between the waveguides occurs, can be measured from Fig. 2 . As observed in Fig. 2 , the amplitudes of the guided modes become stable when d > 1.0 Asm; hence the optical length of the structure is the distance between the planes where d = 1.0 m. In the results in the next section the modal coefficients will be extracted from the FDTD generated data at d = 1.5 Am, where there is very little coupling between the fields in the two output guides.
Ill. Simulation Results and Discussion
The switching characteristics of two intersecting identical waveguides with respect to the intersection angle are shown in Fig. 3 The material considered in this paper is assumed to be isotropic, although anisotropic material can be modeled by simply assigning different values for n, and n,. Here we only consider the variation of switching characteristics due to changes in the geometry. The discretizations used in these simulations are Ax = Az = 2cAt = X/26. With the size of the computational region depending on the value of 0, the number of cells used ranges from 20 to 60 thousands, and they require 1 to 3 thousands time steps for the simulations to reach steady state, which corresponds to 2-15 CPU min on the MIPS/2000 computer. We have employed the second-order boundary condition 7 in these simulations.
As shown in Fig. 3 , the switching characteristics with respect to the intersection angle for the TE and the TM cases differ only slightly, indicating that the crossing is not very sensitive to polarization. However, the losses are found to be larger in the TM cases as the TM modes have smaller propagation constants and they are more susceptible to radiation. For example, at 0 = 110, the power in the bar channel is about the same in either polarizations; however, the cross channel for the TM case contains less power. At larger angles, 0 > 200, the excess loss decreases monotonically with increasing angle. The bar channel continues to gain power. For 0 > 200 it is not possible to obtain the cross-state. When 0 < 20°, the excess loss behavior is slightly different. Although the loss still increases with decreasing angle, this increase is not monotonic. The loss appears to have localized maximum and minimum. This behavior of the loss is also reported in Ref. 10 . Figure 4 shows the time-averaged Poynting vector diagrams of the TE waves for two angles. The steady state values of the field components are first determined from successive time iterations. The time-averaged Poynting vector S(t) = E(t) X H(t) is then calculated at each computation cell. The lengths of the arrows in the diagram are scaled linearly according to their power magnitudes, and the contour levels correspond to the maximum power magnitude in the region.
The power flow through the intersection at 0 = 7 and 110 is shown in Figs. 4(a) and (b) . In Fig. 4(a) , we observe that when the separation between the two waveguides becomes small, the power in the bar channel begins to couple into the cross channel. Strong coupling is found at the common section of the two waveguides, where the interference of the incoming guided mode and the excited higher-order modes causes the power to flow upward and then downward. The total number of up-down oscillations is related to the physical and the optical lengths of the common section. An increase in either lengths will increase the intersection angle, where the physical length is small, one must increase the optical length by increasing An to obtain a cross-state. The distribution of the output power is found to be strongly dependent on the behavior of the power path at the output of the common section. If the path is in the direction of the bar channel, as in Fig. 4(a) , the major portion of the output power will be in the bar channel. Similarly, the power path in Fig. 4(b) is in the direction of the cross channel, and the intersection is in the cross-state. Using the Poynting vector diagram one can adjust the output angle to obtain the required switching characteristics. It is observed that the radiation is generated by the bends of the power path; power is radiated away from the intersection at bends. There are two main radiation loops found in all cases, with the upward radiation loop radiating in a direction closer to the direction of the cross channel. However, the downward radiation loop and the bar channel are separated by a larger angle. As a result the coupling appears to be stronger between the upward radiation loop and the cross channel. In Fig. 4(a) , one can see that there is no observable direct power flowing into the cross channel, but the cross channel has picked up power away from the common section. The excess loss of the structure depends on the amount of generated radiation and the amount of coupling between the guided modes and the radiation fields. An increase in the number of oscillations will increase the amount of radiation. This causes the loss to increase with decreasing angle, as shown in Fig. 3 . It should be mentioned that although the magnitude is small, the Poynting vectors in the upper and lower left corners of Fig. 4 are pointed in the negative z-direction, showing the reflected power from the intersection.
The variation of the power distribution with respect to V is shown in Fig. 5 . The parameters used are the same as in Fig. 2 with 0 = 14°. The higher loss value at smaller V is because of the weaker power confinement, which causes more power to radiate from the intersection at the bends. The switching behavior is more difficult to interpret. It appears that the switching characteristics for the two polarizations behave differently with V. As Vincreases, in the TE case, the power levels in the two channels approach each other. In the TM case, their difference increases. This results in a large crosstalk difference between the two polarizations at large V. The switching characteristics calculated for different width mismatches w 2 /w 1 are shown in Fig. 6 . It shows that the loss increases with increasing w 2 . This effect can be observed from the Poynting vector diagrams in Fig. 7 . At small w 2 , the small crossing region causes a smooth power-path bend, which releases only a small amount of radiation. At large w 2 , the power path is more sharply bent and more radiation results. Note that in Fig. 7(b) the cross channel supports two modes. The oscillatory pattern of the power path in the cross channel is due to the beating of the two guided modes. This pattern will continue down the channel. However, the oscillatory behavior in the bar channel is due to the interference of the guided mode with the radiation modes. As the amplitudes of these radiation modes decrease along the channel, the power path will become parallel to the channel.
IV. Conclusions
We have simulated the wave propagation in waveguides intersecting at large angles, using the FDTD method. The analysis of structures containing large discontinuities is possible, because the FDTD method utilizes the total field in its simulation. The complete tion is observed to originate at the power-path bends. Thus the amount of radiation generated at the intersection is a function of the total number of bends and the sharpness of the bends. Although the FDTD algorithm is a computer intensive scheme and the size of the problem that can be solved is dependent on the computer resource, the finite-difference scheme takes full advantage of a modern computer that has vector and parallel processing capabilities. Finally, the FDTD approach gives physical insight into the wave propagation through complex structures; this will enhance the design of new optical components.
